ABSTRACT: Late Cretaceous carbon isotope curves generated for localities in Europe, Asia, and the deep-sea records have provided the foundation for development of a contiguous, intercontinental chemostratigraphic framework. Despite the development of carbon isotope records from selected stratigraphic intervals in the Western Interior Basin, however, a comprehensive d 13 C record comparable to those developed in Europe and Asia, and from ODP sites, had not yet been completed. This study reports a new, high-resolution Cenomanian to Campanian carbon isotope record for the central Western Interior Basin of North America that makes a key contribution to the intercontinental correlation. The curve is correlated to the well-developed molluscan biostratigraphic framework for the Western Interior Basin, as well as a revised geochronology based on integration of new radioisotopic dating and astrochronology developed in the same core records from where the d 13 C data were derived. The new d 13 C record reflects not only major perturbations in the global carbon cycle, such as the midCenomanian Event and the Cenomanian-Turonian Ocean Anoxic Event 2, but also smaller excursions that have been recognized in records from Europe and Asia. This shows that the Western Interior shallow epeiric sea was not isolated for any appreciable part of Cenomanian to early Campanian time-it consistently recorded changes in the global marine carbon cycle observed elsewhere. A critical attribute of the chemostratigraphic dataset produced in this study is its linkage with a revised Late Cretaceous time scale. Assignment of revised ages to Western Interior carbon isotope events that are globally expressed will allow export of the improved time scale to localities within and outside the Western Interior where similar carbon isotope records have been generated. This chronostratigraphic tool will allow a number of stratigraphic and geochemical hypotheses to be more rigorously tested.
INTRODUCTION
Among geologic intervals that contain deep-time analogs for potential future greenhouse conditions, the Late Cretaceous has been a target of intensive study. This is largely due to excellent preservation of both oceanic and epicontinental strata, development of detailed biostratigraphic, geochronologic, and sequence stratigraphic frameworks, and a series of global scale biogeochemical perturbations, such as the oceanic anoxic events (OAEs; Schlanger and Jenkyns 1976) , which record major disruptions in the Earth's carbon cycle and climate. Ever since the pioneering work on Cretaceous OAEs (Scholle and Arthur 1980; Arthur et al. 1985) that demonstrated the potential of carbon stable-isotope curves (d 13 C) as a stratigraphic correlation tool, as well as a window into the behavior of the paleo-carbon cycle, this technique has been applied widely in both space and time. During the last several decades, in particular, numerous publications have produced d 13 C curves from Cretaceous successions in many different localities (Pratt 1985; Pratt et al. 1991; Gale et al. 1993; Jenkyns et al. 1994; Hasegawa 1997; Voigt and Hilbrecht 1997; Stoll and Schrag 2000; Voigt 2000; Coccioni and Galeotti 2003; Wan et al. 2003; Tsikos et al. 2004; Wang et al. 2005; Jarvis et al. 2006; Li et al. 2006; Sageman et al. 2006; Uramoto et al. 2007; Voigt et al. 2007; Ando et al. 2009; Uramoto et al. 2009; Wendler et al. 2009; Barclay et al. 2010; Takashima et al. 2010 ); these provide a foundation for development of a contiguous, intercontinental Late Cretaceous chemostratigraphic framework. The most comprehensive of such efforts is the Cenomanian to Campanian d 13 C reference curve compiled by Jarvis et al. (2006) . This record was constructed following the development of international stratigraphic reference curves from sections in Europe (Voigt and Hilbrecht 1997; Voigt 2000; Coccioni and Galeotti 2003) , where small and larger excursion events were recognized. It has since been correlated to new localities (Li et al. 2006; Wendler et al. 2009; Takashima et al. 2010 ) and now constitutes a Late Cretaceous standard.
Although the Cretaceous Western Interior basin of North America contains a well-established molluscan biostratigraphy (e.g., Kauffman et al. 1993; Cobban et al. 2006) , excellent geochronologic control from dated volcanic ashes (Obradovich 1993; Meyers et al. 2012; Sageman et al. in press) , and key intervals with floating astrochronologic time scales (Sageman et al. 2006; Meyers et al. 2012) , the basin lacks a continuous, high-resolution d 13 C profile that is comparable to the European reference curve. This study reports new d 13 C data from three cores collected in the central Western Interior Basin and builds a composite d 13 C reference curve that spans middle Cenomanian to early Campanian time. Our record is closely correlated with the latest geochronologic and astrochronologic time scale advances from the Western Interior (Meyers et al. 2012) , and therefore makes an important contribution to the temporal framework for the growing global d 13 C database. Using the correlative tiepoints of the d 13 C record, our data will allow the new time scale from the Western Interior to be exported to other localities where Cenomanian to Campanian high-resolution d 13 C records have been produced. In addition, analysis of the similarities and differences in timing and magnitude of d 13 C events between our Western Interior record and that of other continental and oceanic sites makes it possible to assess the synchroneity of events and identify those which are unique to the North American epeiric record. These features are interpreted to reflect regional changes in carbon cycling related to factors such as relative-sea-level history.
GEOLOGIC BACKGROUND
During the Late Jurassic and Cretaceous, subduction of the Farallon Plate combined with crustal loading in the Sevier Orogenic Belt of western North America led to the development of an Andean-style foreland basin; subsidence of this basin, as well as global sea-level rise potentially due to both tectonoeustatic and glacioeustatic factors, resulted in repeated flooding of the foreland (Kauffman 1977a (Kauffman , 1984 . The resulting meridional seaway, termed the Western Interior, connected the northern Boreal sea with the southern Tethys sea during peak eustatic highstand events and extended at those times from shorelines in western Utah to at least eastern Kansas (Fig. 1; Sageman and Arthur 1994) . The basin accumulated up to 2 km of sediments for some individual stages in some western foredeep subbasins and generally thins eastward to a zero edge that extends from Minnesota and eastern Kansas to eastern Texas (Roberts and Kirschbaum 1995) . A large area in central Texas contains only thin or no Cretaceous strata and has been interpreted as a sill that restricted the southern aperture of the seaway (Arthur and Sageman 2005) . Cretaceous strata deposited in the Western Interior basin are excellently preserved and record a complete transect from coastal-plain paralic facies through shoreface clastics and proximal offshore ''prodelta''-type deposits, to basin-center fine-grained hemipelagic rocks rich in carbonate and organic carbon. In fact, most lithologic associations from any part of the offshore-onshore transect include facies containing sufficient organic matter to allow analyses of d 13 C of organic carbon (e.g., Barclay et al. 2010) . We chose to develop our d
13
C record based on organic carbon because similar records can be produced almost anywhere in the basin and they avoid the influence of carbonate diagenesis, which can alter the primary d 13 C signal (Mitchell et al. 1997 ).
Material and Localities
The Aristocrat Angus 12-8 (AA) core was drilled by EnCana Oil & Gas (U.S.A.) in the Wattenberg Field, Weld County, north-central Colorado, a location that represents the central part of the Western Interior (Fig. 1) . The core had over 90% recovery, and a full split was donated to Northwestern University in 2001. The core penetrates from the lower Campanian Pierre Shale to the Cenomanian Graneros Shale. Highresolution description and measurement of the AA core was completed for this study ( Fig. 2A) , supplemented by information from Locklair and Sageman (2008) , which dealt specifically with the late Turonian to the early Santonian Niobrara Formation. The USGS #1 Portland (PO) core was collected in Fremont County, central Colorado, as a part of the Cretaceous Western Interior Continental Scientific Drilling Project (Dean and Arthur 1994 ) with close to 100% recovery. The interval from the base of the Graneros Shale to the middle of the Niobrara Formation (Fig. 2B) is compared between the PO and AA cores to verify robustness of the d 13 C org signal in different parts of the basin. Although the Western Interior basin (WIB) is an ideal setting given the opportunities for integrating biostratigraphic and geochronologic frameworks, there is a drawback to the PO and AA cores: a late Turonian hiatus, likely composed of multiple unconformities associated with sealevel lowstand, characterizes stratigraphic sections in central to eastern Colorado (Merewether and Cobban 1986; Gardner 1995; Arthur and Sageman 2005) , including the PO and AA cores. Fortunately, the USGS core CL-1, drilled in western Colorado, includes fine-grained organiccarbon-bearing mudrock facies with well-preserved index fossils that indicate that the entire Turonian interval is preserved there (Ball et al. 2010) . By sampling the middle to upper Turonian Mancos Shale (including the Blue Hill, Juana Lopez, and Montezuma Valley members) in the CL-1 core (Fig. 2C) , we are able to fill the gap in the Denver Basin sections. Calcareous shales are the most common lithotype in the CL-1 core, and the detailed lithologic description, log data, and distribution of inoceramid and ammonite fossils are summarized and correlated to the standard Western Interior scheme of Ball et al. (2010) .
Lithostratigraphy
The stratigraphic framework for the Graneros Shale and Greenhorn Formation was developed at the Rock Canyon Anticline, near Pueblo,
org data for the Cenomanian through lower Campanian documented in the A) AA, B) PO, and C) CL-1 cores analyzed in this study. Lithostratigraphic and biostratigraphic divisions of each core are shown with the carbon isotope curves (see text for details). Notable positive and negative excursions within a stage are numerically labeled using the initial of the stage to help the further discussion in text. The hiatus resulted from the Turonian unconformity in the Denver Basin in the AA and PO cores (Merewether and Cobban 1986 ) are indicated by wavy lines. The base of upper Turonian in the Western Interior was placed at the base of S. whitfieldi-I. dimidius Zone (labelled ''1'') by Kauffman et al. (1993) ; Walaszczyk and Cobban (2000) proposed a revision to the base of I. perplexus-P. macombi
Zone (labelled ''2''); work on this boundary placement is ongoing. Gray shade on the lithologic columns represents missing intervals in the core during drilling and recovery. Points A-C refer to distinct segments of d 13 C org curves of Pratt (1985) . Abbreviations:
(ammonite) C. t., Conlinoceras tarrantense; A. g., Acanthoceras granerosense; A. m., Acanthoceras muldoonense; A. a., Acanthoceras amphibolum; P. w., Plesiacanthoceras wyomingense; C. c., Calycoceras canitaurinum;
S. g., Sciponoceras gracile; N. j., Neocardioceras juddii; II, Watinoceras devonense; Colorado, by Cobban and Scott (1972) . This site is approximately 40 km east of the PO core site (Dean and Arthur 1998) . Correlation between the PO core and the Rock Canyon section is based on similarities in lithology, thickness, and sequence of limestone beds (Cobban and Scott 1972) and marker bentonites (Elder 1985) and allows all stratigraphic information from the outcrop (such as lithostratigraphic and biozone boundaries) to be projected into the core (Fig. 2B ). Major units defined by Cobban and Scott (1972) include the Graneros Shale, as well as the Lincoln Limestone, Hartland Shale, and Bridge Creek Limestone members of the Greenhorn Formation, all of which are well defined in the PO core (Sageman et al. 1997) . Using the same lithostratigraphic tools, this correlation can be applied to the AA core to identify the corresponding lithologic units ( Fig. 2A) . The lithostratigraphy of the Turonian Carlile Formation and its members, the Blue Hill Shale, the Fairport Chalky Shale, and the Codell Sandstone, is described for the PO core in Dean and Arthur (1998) , and these units can also be correlated to sections in Pueblo and the Canon city area (Kauffman et al. 1985) , as well as in Kansas (Hattin et al. 1987) . The stratigraphy of the Niobrara Formation was described in early work by Scott and Cobban (1964) , where formal and informal subdivisions were defined. The same subdivisions were consistently used in succeeding reviews (Kauffman 1969 (Kauffman , 1977a (Kauffman , 1977b Hattin 1982) . A recent study by Locklair and Sageman (2008) described the Niobrara Formation in the Libsack 43-27 borehole, which is adjacent to the AA core, and assigned the lower and upper boundaries of the formal and informal subdivisions from Scott and Cobban (1964) : Fort Hays Limestone and Smoky Hill Chalk. The latter is informally divided into the lower shale and limestone member (LSL), lower shale member (LS), lower limestone member (LL), middle shale member (MS), middle chalk member (MC), upper chalky shale member (UCS), and upper chalk member (UC). Following the scheme of Scott and Cobban (1964) , formal and informal subdivisions are applied to the AA and PO cores ( Fig. 2A,  B) , largely based on varying proportions of calcareous shale and marl versus limestone or chalk (supplemented with wgt. % CaCO 3 data by Locklair and Sageman 2008) .
Biostratigraphy
The Western Interior has long been recognized for its detailed biostratigraphic schemes for ammonite and bivalve index taxa from Albian through Maastrichtian strata (e.g., Cobban 1993; Kauffman et al. 1993) . The Cenomanian to lower Turonian Greenhorn marine cycle has somewhat higher-resolution biozones compared with the middle Turonian to Campanian interval. The Western Interior molluscan biozonation is developed and refined in Scott and Cobban (1964) , Cobban and Scott (1972) , Kauffman (1977a Kauffman ( , 1977b , Kauffman et al. (1993) , Kennedy (1984) , Kennedy and Cobban (1991) , Cobban (1993) , and Cobban et al. (2006) . The Graneros Shale is defined as representing the lower to middle Cenomanian and is overlain by the middle Cenomanian to the lower middle Turonian Greenhorn Formation, according to the standard molluscan biozones (Cobban and Scott 1972; Cobban 1993; Kauffman et al. 1993) . Biostratigraphy constrains the Carlile Formation to a middle Turonian age (Kauffman et al. 1993) , and unconformities within the upper Carlile omit much of the upper Turonian along the Front Range of Colorado (Scott and Cobban 1964; Merewether and Cobban 1986; Gardner 1995; Arthur and Sageman 2005) . The Niobrara Formation spans the late Turonian through early Campanian ammonite biozones of the standard Western Interior scheme (Scott and Cobban 1964; Cobban 1993; Kauffman et al. 1993) . The biostratigraphic zones applied in this study follow the latest Western Interior standard scheme by Cobban et al. (2006) . Recent advances in inoceramid biostratigraphy played a key role in the assignment of stage and substage boundaries for the Turonian through early Campanian interval, supplementing the ammonite biostratigraphic zonations (Walaszczyk and Cobban 1998 , 2000 , 2007 .
See Supplementary Information for a compilation of biostratigraphic index taxa defining biozone boundaries in the Pueblo reference section (outcrop) and lithostratigraphic correlation of this section to the Portland and Angus core records (see Acknowledgments).
ANALYTICAL METHODS
Rock samples were taken at approximately 50 cm spacing throughout the study interval in the AA and PO cores and at 100 cm in the CL-1 core. In the AA core, a 1 m transition zone from the Hartland Shale to the Bridge Creek Limestone, representing the initiation of Oceanic Anoxic Event II (OAE 2), was sampled in 5 cm intervals. Collected samples were crushed, and their organic and inorganic carbon contents were measured via CO 2 coulometry (Huffman 1977) . For isotopic measurement, sample splits were decarbonated using 2N hydrochloric acid. Decarbonated residues were washed four times with deionized water, centrifuged, and dried in 50uC oven. Isotopic analyses were performed using a Costech ECS 4010 combusting elemental analyzer connected by means of continuous flow to a Thermo Delta-V-Plus isotope-ratio mass spectrometer, operated by the Department of Earth and Planetary Sciences at Northwestern University. All values are reported in per mil notation relative to Vienna Pee Dee Belemnite International Standard (V-PDB). Reference gases were calibrated relative to Indiana University Acetanilide #1, IAEA 600 Caffeine, IAEA CH 3 Cellulose, and IAEA CH 6 Sucrose standards. Randomly selected samples were run in duplicate to test for sample variability. Analytical precision is within 0.2%.
CARBON ISOTOPE CHEMOSTRATIGRAPHY

Cenomanian
The base of the sampled section is within the lower Graneros Shale, which is early Cenomanian in age (Kauffman 1977a ). The first significant positive shift in d
13
C org occurs near the mid-Graneros and is , 2%, spanning the lower-middle Cenomanian boundary (Fig. 2 ). This event starts slightly below the Thatcher Limestone horizon in the PO core, within the upper part of a nonfossiliferous zone of Graneros Shale, and spans the interval interpreted to represent the Conlinoceras tarrantense, Acanthoceras granerosense, Acanthoceras muldoonense, and Acanthoceras amphibolum ammonite zones. The end of this event is at the top of the Graneros shale, in the uppermost part of the A. amphibolum Zone (Fig. 2) . When observed in detail, this positive excursion occurs in three phases; the first increase followed by a short break, the second increase reaching the maximum peak, and then a return to pre-excursion values. The timing and magnitude of this excursion indicate that it is the midCenomanian Event (MCE; Paul et al. 1994 ). Although it is not associated with a well-recognized global-scale black shale depositional event, like OAE 2, changes in benthic and planktonic foraminiferal assemblages (Mitchell 1996; Mitchell and Carr 1998) suggest that a shift in ocean circulation occurred during this time period. This maximum 1% positive excursion in d 13 C carb preceding OAE 2 has now been recognized in European sections (Jenkyns et al. 1994; Paul et al. 1994; Stoll and Schrag 2000) , the Western Interior Basin (Gale et al. 2008b; Schrö der-Adams et al. 2012 ; this study) , the North Atlantic (Ando et al. 2009 ), and Asia (Li et al. 2006; Uramoto et al. 2007) .
After the MCE terminates at the top of the Graneros Shale, both the PO and AA records display an overall slowly decreasing trend of , 0.5% in the Lincoln Limestone and Hartland Shale, until the start of OAE2 at the base of the Bridge Creek Limestone (Fig. 2) . This interval spans the Plesiacanthoceras wyomingense, Calycoceras canitaurinum, and Metoicoceras mosbyense biozones. In general, the overall trend toward more depleted values is characterized by small d 13 C org variations of up to 0.5% magnitude. However, in the PO core there appear to be several welldefined cycles that gradually enrich by as much as 0.8%, and then shift abruptly to lighter values by up to 1% (Fig. 2) ; these are labelled C1-C3. One of these cycles correlates with the Lincoln Limestone, and there are two within the Hartland Shale, although the uppermost cycle is not as well developed as the others. These cycles, although identifiable in the AA core, are not as pronounced. The shape and timing of these upper Cenomanian ''cycles'' in d 13 C org matches interpreted changes in relative sea-level within the basin (Sageman et al. 1997) . Trends toward more positive values track intervals of shoreface progradation whereas more negative values are correlated to transgressions. As indicated by Arthur et al. (1985) , Cretaceous terrestrial organic matter is enriched 13 C relative to coeval marine material; thus it is possible that the cycles reflect changes in relative proportions of marine and terrestrial organic matter related to sea-level changes. An alternate explanation might be that a relative increase in sediment accumulation rates but only minor changes in benthic redox conditions during progradations allowed more organic matter to be buried in distal basin sites.
Cenomanian-Turonian boundary (OAE 2)
Following the gradual decreasing trend in d 13 C org during the Late Cenomanian, an abrupt positive shift occurs just below the base of the Bridge Creek Limestone, returning to a new, slightly enriched background level following the Cenomanian-Turonian boundary (Fig. 2) . This overall 4-6% positive excursion in d
13 Corg represents Oceanic Anoxic Event 2 (OAE 2; Schlanger and Jenkyns 1976) . It is observed in numerous localities and is commonly associated with organic-carbon-rich shale facies in part or all of the excursion interval (e.g., Tsikos et al. 2004 ). This event, regarded as a major perturbation in the global carbon cycle, has been interpreted as a massive increase in the marine burial of isotopically light organic carbon, resulting in a significant positive shift in the entire surface carbon reservoir and thus recorded in d 13 C records of both marine organic and carbonate carbon (Arthur et al. 1985 (Arthur et al. , 1988 Schlanger et al. 1987) , as well as in terrestrial organic carbon (Barclay et al. 2010) .
As reported in Sageman et al. (2006) , the carbon isotope signature of OAE 2 from the Bridge Creek Limestone in the PO core is well recognized and correlated with the record from an earlier study by Pratt (1985) . Both the PO and AA cores display the initial sharp increase (3-4%) just below the base of the Sciponoceras gracile Zone, labelled ''A'' by Pratt (1985) , followed by a short trough that was labelled ''B'' and observed in records from other sections of the Western Interior (Keller et al. 2004; Snow et al. 2005) , Europe (Gale et al. 1993; Tsikos et al. 2004) , and Asia (Hasegawa 1997; Wan et al. 2003; Li et al. 2006) . Following the ''B,'' there is a second peak (''C''), which is also the beginning of a ''plateau'' identified by Tsikos et al. (2004) in the Western Interior and other sites. This represents the maximum d 13 C excursion, and it reaches 4% in the AA core and 6% in the PO core relative to pre-excursion values (Fig. 2) . The plateau spans the uppermost Cenomanian Neocardioceras judii Zone and part of the lower Turonian Watinoceras devonense Zone. The positive excursion terminates by returning to near pre-excursion values through the Pseudaspidoceras flexuosum and Vascoceras birchbyi zones. There are small-scale positive peaks within this decreasing phase, in both the AA and the PO cores (lower P. flexuosum Zone).
Turonian
Following the plateau of the OAE 2 positive excursion, the average for carbon isotope values generally returns to the 227 to 226% range in the lower and lower middle Turonian, similar but slightly enriched relative to pre-OAE2 values. There are two brief, and one more protracted, positive excursions of over 1% in this interval, labelled T1 through T3 in Figure 2 . The two rapid excursions occur at the base and top of the lower Turonian Mammites nodosoides Zone, and the broader peak occurs within the middle Turonian Collignoniceras woollgari Zone. At this level in the stratigraphy the d 13 C org records in the AA and PO cores become significantly dissimilar, most likely due to variable hiatuses in the record. For example, the abrupt negative shift in d 13 C org at the top of C. woollgari, combined with the absence of Blue Hill Member facies in the AA core, suggests the first middle Turonian hiatus. In contrast, the Blue Hill and Codell members are expanded in the PO core. The carbon isotope record becomes extremely noisy in this interval, however, with up to 5% swings in the signal comparable in magnitude to OAE2. However, these are unlikely to reflect shifts in the global carbon reservoir for two reasons: (1) TOC levels are very low in the shallow-water facies of the Codell Sandstone (, 0.5 wt.%), and reproducibility on the measurements is poor; and (2) Codell Member facies are most likely characterized by shifting proportions of marine and terrestrial organic matter and a much higher contribution of the latter, some of which could be older, recycled carbon. It is concluded that the upper Carlile Formation of the Front Range (AA and PO cores) does not preserve the contemporaneous global d 13 C signal due to hiatuses and characteristics of organic matter related to a sea-level lowstand (Arthur and Sageman 2005) . Fortunately, the middle to late Turonian is preserved conformably in the western Colorado CL-1 core, and can be correlated to the Front Range record using biostratigraphy. The d
13
C org record in CL-1 shows features that match the signal recognized globally (see section Global Correlation), in particular, the trend toward more negative values that is seen in the PO core prior to the interval with large d 13 C org fluctuations, followed by a return to more positive values in the late Turonian. The minimum isotopic value is recorded in the Juana Lopez Member of the Mancos Shale (Inoceramus dimidius Zone) and is labelled T5 (Fig. 2) . Although there are variations within the decreasing trend, the overall difference between the lowermost data point in the Blue Hill Member and the trough in the Juana Lopez Member is close to 2%. Following this trough, d 
Coniacian
The lower and middle Coniacian d 13 C org record is characterized by a gradually increasing average value (, 1%) with swings of 6 1% or greater that continue up until the middle Coniacian (Fig. 2) . The lower Coniacian Zone of Scaphites preventricosus in the AA core includes two prominent negative peaks followed by positive shifts (labelled Co1 and Co2 in Fig. 2) ; the positive signals are less well developed in the PO record, but Co1 and Co2 can be assigned based on biostratigraphic correlation. These events fall between hiatuses that have been identified within the Fort Hays Member, and at the top of the lower shale and limestone unit of the Smoky Hill Member (Walaszczyk and Cobban 2000 , 2007 . In both the AA and PO cores the overlying Zone of Scaphites ventricosus, which represents the entire middle Coniacian, contains a modest (, 0.6% in AA; , 1% in PO) positive excursion labelled Co3 (Fig. 2C) .
In the upper Coniacian (lower Magadiceramus subquadratus Zone) there is a slight negative shift followed by an abrupt rise (0.9%) to a plateau spanning most of the Scaphites depressus Zone, which corresponds to the lower shale and lower limestone units of the Smoky Hill Member in the AA core ( Fig. 2A) . The plateau shows comparatively diminished oscillations around a mean of about 225.8%, and its top is marked by a sharp positive peak of , 1.2% (Co4 in Fig. 2A ) that occurs in the uppermost lower limestone unit of the Smoky Hill. Following this peak, d
13 C org shifts to progressively lighter values in the lower Santonian. This upper Coniacian plateau is not as clearly developed in the PO record. Instead, the signal varies around a mean of about 225.8% (as in the AA record) with more oscillations, but most still less than 1%. Based on lithostratigraphic correlation, the top of the plateau, marked by Co4, is not present in the PO record.
Although it is clear by now that short-term positive and negative shifts are very common in the Western Interior d 13 C org record, they have a variety of causes; in some cases where the shifts are large in magnitude (such as the upper Turonian of the Portland core), they likely reflect local factors such as changes in organic-matter type or low TOC concentrations within shallow water sandy facies. Plateaus that show only minimal variance seem to call for a different explanation. In the case of the late Coniacian plateau in the AA core, this is particularly the case since weight-percent organic carbon (calculated on a carbonate-free basis) shows maximum values (up to 20%) in this interval for both the AA core and its stratigraphic equivalent in the PO core.
Previous studies have noted the occurrence of Coniacian-Santonian organic-rich strata in the Western Interior (Pratt et al. 1993; Locklair et al. 2011; Schröder-Adams et al. 2012) , southern Caribbean (de Romero et al. 2003) , and equatorial Atlantic (Hofmann et al. 2003; Wagner 2002) , and have speculated about whether this reflects an additional OAE (i.e., OAE 3). In general, OAE 3 is distinguished from the other major OAEs (i.e., OAE 1a and 2) by the absence of a distinctive positive carbon isotope excursion. The excursion in the Western Interior is rather modest-less than 0.4% in carbonate (Pratt et al. 1993 ) and , 1% in organic carbon (this study)-but its clear association with organic-carbon enrichment and proxy data (e.g., Mo accumulation rate) suggesting that intensified oxygen deficiency is consistent with the OAE definition (Locklair 2007) . Locklair et al. (2011) used a simple carbon-cycle model to evaluate the hypothesis that a coeval increase in carbonate deposition may have offset the effect of organic-carbon burial during OAE 3, thus damping the isotopic signal.
Santonian and Campanian
The Santonian stage is characterized by the most depleted d
13
C org values (lower than 227%), and some of the measured values are even lighter than pre-OAE 2 samples (Fig. 2) . The lower Santonian part of the d 13 C org curve shows a drop from the OAE 3 plateau of the upper Coniacian. There are a series of small positive peaks (, 0.5%) superimposed on the decreasing trend; the first two are in the Clioscaphites saxitonianus Zone (S1 and S2), and the third (S3) is in the middle of the Clioscaphites vermiformis Zone. The decreasing trend continues into the Clioscaphites choteauensis Zone, where a more pronounced (. 1%) positive excursion occurs and the decreasing trend levels out. The final positive peak is found in the Desmoscaphites bassleri Zone, but it is also relatively small in magnitude (S5: Fig. 2 ). It is quickly followed by another positive shift with similar magnitude in the basal Campanian (Ca 1: Fig. 2) . The most depleted values that were measured (about 227.3%) occur in the basal facies of the Pierre Shale, lower Campanian. After this, the signal has a positive trend until the top of the AA record, shifting by at least 1%, with minor (0.5%) peaks like those in the Santonian section superimposed on the trend.
Composite Carbon Isotope Curve
Although none of our investigated sites offers a complete and conformable record of the lower Cenomanian to lower Campanian succession in the Western Interior, the three d 13 C org curves generated in this study can be correlated using lithostratigraphy and biostratigraphy to generate a composite d 13 C org curve. To accomplish this, different time slices from the three curves are selected to be stacked and calibrated against a newly revised Late Cretaceous time scale (Meyers et al. 2012; Sageman et al. in press ). This revised time scale is based on integration of astrochronologies completed for different intervals (e.g., CenomanianTuronian: Meyers et al. 2001; Coniaician-Santonian: Locklair and Sageman 2008) and new geochronologic results including both Ar-Ar and U-Pb age determinations from volcanic ashes sampled throughout the succession (Meyers et al. 2012; Sageman et al. in press ). The astrochronologic data allows improved interpolation of ages for stage or biozone boundaries and formation tops that occur between dated horizons. New stage-boundary ages based on this methodology are shifted by up to 0.5 Ma relative to prior versions (e.g., Ogg et al. 2004; Ogg et al. 2012) , and there has been significant reduction in geochronologic uncertainty. Since the revised time scale is very closely linked to the PO and AA core records, our high-resolution composite carbon isotope curve for the Late Cretaceous Western Interior is calibrated to the most current age data that are available (Meyers et al. 2012; Ogg et al. 2012; Ma et al. in press; Sageman et al. in press) . Using the revised time scale, the updated molluscan biostratigraphic zonation Walaszczyk and Cobban 2000 , 2007 , and biozone durations calculated using the new time scale, ages were assigned to d 13 C org data points assuming a constant compacted sedimentation rate between each age datum.
The various intervals selected to construct a composite curve from the three core records are as follows: lower Cenomanian (non-fossiliferous Graneros Shale) to the middle Turonian (C. woollgari ammonite zone in the Fairport Shale) from the PO core, middle Turonian (Inoceramus howelli inoceramid zone in the Blue Hill Shale) to the uppermost Turonian (F.O. of Scaphites preventricosus in the Montezuma Valley Member of the Mancos Shale) from the CL-1 core, and Coniacian to lower Campanian (Scaphites hippocrepis III ammonite zone in the Pierre Shale) from the AA core (Fig. 3A) . The selected successions possess the highest resolution and most complete stratigraphic records for their corresponding temporal intervals, and they have the most precisely determined biostratigraphic frameworks based on first-occurrence and last-occurrence datums. They also record the best signal of identified isotope events within each interval-for example, the AA core records the isotopic signal of the Coniacian OAE 3. Although the AA core record also reaches up to the lower Campanian Baculites sp. (smooth) ammonite zone, the data from this biozone are excluded from the composite isotope curve because the upper boundary of this zone does not occur in the existing AA core record.
Global Correlation
Jarvis et al. (2006) defined 72 isotope events for the Cenomanian to
Campanian interval from the English Chalk successions and showed that these events can be recognized in contemporaneous sections in Italy, France, Germany, and Spain. Since then, other studies (Voigt et al. 2007; Wendler et al. 2009 , Takashima et al. 2010 ) have adopted the Jarvis et al. (2006) scheme for defining and correlating Late Cretaceous carbon isotope excursions.
The fundamental challenge in global correlation of d 13 C signals is that local or regional influences on the carbon isotope record must be differentiated from changes in the global reservoir. This is compounded by the fact that d 13 C carb and d 13 C org datasets are variably influenced by different primary and diagenetic processes, but both have the potential to r FIG. 3.-A carbon isotope composite curve for the Cenomanian-Campanian ages based on the AA, PO, and CL-1 cores of the Western Interior. It is stacked incorporating data from the most complete sections studied. The curve has been calibrated using the age assignments of Ogg et al. (2012) , Meyers et al. (2012) , and Sageman et al. (in press ). See supplementary materials for the ages determined for biostratigraphic datum levels.
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J S R capture a record of changes in the global reservoir. As a result, different studies from different regions have developed either d 13 C carb or d 13 C org datasets, depending on the predominance of facies and carbon types (e.g., carbonate vs. siliciclastic, organic-rich vs. organic-poor). When calibrated to geologic time based on independent chronostratigraphic frameworks (mostly biostratigraphic), the presence of d 13 C events that are arguably coeval is taken as good evidence of a shift in the global reservoir, even though the magnitude and absolute value of a signal may differ significantly compared to the standard curve from the English Chalk (Jarvis et al. 2006) . Figure 4 shows our composite d 13 C org curve from the Western Interior correlated to a d 13 C org curve derived from woody material in shallow marine deposits from Japan (Takashima et al. 2010) , as well as to the composite English Chalk record of Jarvis et al. (2006) . This intercontinental correlation includes isotopic signatures from different carbon species including marine organic matter (this study), terrestrial organic matter (Japan), and marine carbonate (English Chalk), which provides some useful observations concerning the global carbon cycle and the Late Cretaceous ocean-atmosphere system. As suggested above, correlations between the three curves (Fig. 4) are based primarily on the timing and direction of carbon isotope perturbations as constrained by available biostratigraphic control (Kennedy 1984; Hancock et al. 1993; Kauffman et al. 1993; Hardenbol et al. 1998; Gradstein et al. 2004; Cobban et al. 2006; Walaszczyk et al. 2010) , although comparisons of magnitude between some records (especially marine d 13 C carb and d 13 C org ) can also be useful.
Despite different sources of carbon and distinct burial and diagenetic histories, the three carbon isotope curves display many similar excursions, suggesting that correlation of even relatively minor signals is possible (i.e., variations of , 1% in d 13 C org ). Although large-scale perturbations, such as the mid-Cenomanian Event I (MCE I) and the Cenomanian-Turonian boundary event (OAE 2) have been well recognized in most carbon isotope records that preserve corresponding time periods (Fig. 4) , the idea that minor events may be globally correlative is relatively new.
Since there is a gap in the early Cenomanian biostratigraphic record of the Western Interior, this part of the succession is more difficult to correlate with certainty, but it is possible that some of the minor fluctuations in this section (, 1%) may correspond to events recognized in the lower Cenomanian Mantelliceras mantelli and Mantelliceras dixoni zones of the English Chalk (i.e., Mid-dixoni, Virgatus beds: Jarvis et al. 2006) . During the middle to upper Cenomanian, the three records show significantly similar patterns, including an MCE positive excursion (, 1% in carbonate; up to , 2% in organic matter) followed by a series of smaller oscillations (1% or less) prior to the onset of OAE2, two of which are particularly distinctive in Japan and the Western Interior (Fig. 4) . The lower of these, labeled C1 in Figure 2 , starts in the uppermost P. wyomingense Zone and spans the D. pondi Zone; it is most likely correlative with the Jukes-Browne Event of Jarvis et al. (2006, their fig. 13 ), where it spans the correlative upper A. jukesbrownei and the lower C. guerangeri zones (Hardenbol et al. 1998 ). This leads to a different correlation scheme from the work by Takashima et al. (2010) , in which the upper event is correlated to the Jukes-Browne. While the succession in Japan lacks molluscan biostratigraphy, the established ammonite biozones in the Western Interior and Europe allow more accurate correlation. These small-scale events are recognizable despite the fact that the overall trend in d 13 C org records shifts toward more negative values whereas d 13 C carb records have a positive trend, suggesting an increase in fractionation between dissolved inorganic carbon and organic matter. Importantly, this hypothesized increase in fractionation is coeval with evidence for increased volcanic activity (e.g., Kuroda et al. 2007; Turgeon and Creaser 2008) and increasing pCO 2 levels (Barclay et al. 2010) .
The Cenomanian-Turonian OAE 2 is clearly represented in Figure 4 by well-correlated excursions of 2% in carbonate and 4-6% in organic carbon; interestingly, the event appears relatively condensed or truncated in the record from Japan. After the plateau of OAE 2, there is a small-scale rebound superimposed on the decreasing trend, which is correlated to the Holywell event in the English Chalk reference curve (Jarvis et al. 2006) . Considering that this event is observed in the Fagesia catinus Zone, below the first-appearance datum of Mytiloides mytiloides in the 1European sections (Jarvis et al. 2006 ), the small-scale variation with a distinctive positive peak (T1 in Fig. 2 ) placed in correlative ammonite zones (P. flexuosum and V. birchbyi) of the Western Interior is confirmed as the Holywell. Identification of the Holywell does require caution, however, because despite complementary foraminiferal biostratigraphy (e.g., Stoll and Schrag 2000; Tsikos et al. 2004) , the event occurs in association with the diachronous firstoccurrence datum of Helvetoglobotruncana helvetica (Caron et al. 2006 ). The Holywell Event in the Japanese d 13 C org curve is more pronounced than the Western Interior and English Chalk records, marked by its amplified magnitude (up to 4%) and the peak excursion value heavier than that of OAE 2 (Fig. 4) . The comparison of d 13 C signals recorded in the organic matter of contrasting origins (marine vs. terrestrial) shown here exemplifies the varying sensitivity of isotope expression recorded in the sediments of different depositional environments. The Round Down event, which is identified in the lower middle Turonian C. woollgari Zone, represents the isotopic maximum (T3 in Fig. 3 ) before an inflection point at the top of the zone that is correlated to the Glynde event. It then leads to the middle Turonian Pewsey event (T4), named by Gale (1996) . The middle Turonian C. woollgari Zone represents the entire middle Turonian in Europe, whereas the middle Turonian is subdivided to three biozones with C. woollgari at the base in the Western Interior (Kennedy 1984; Hardenbol et al. 1998 ). Based on its relative position in the upper portion of the C. woollgari Zone in Europe, the Pewsey is correlated to the maximum of 1.5% excursion in the I. howelli Zone of the Western Interior record. The middle-upper Turonian trough in the I. dimidius Zone following the Pewsey represents the Bridgewick event named in Jarvis et al. (2006) . The Bridgewick represents the d 13 C minimum (T5) that marks the end of the Turonian shift toward lighter values and a change to the overlying d 13 C increase spanning the remainder of the Turonian (late Turonian Event; Jarvis et al. 2006) , where the peak excursion (T6) is identified as the Hitch Wood event (Gale 1996) .
The lower Coniacian corresponds to the S. preventricosus Zone in the Western Interior, where the Navigation event is identified and correlated at the base of the zone. The lower resolution of the Coniacian to Campanian molluscan biostratigraphy brings higher uncertainty to correlations, and thus it should be pointed that the integrated biostratigraphic and chemostratigraphic correlation remains tentative. It is notable, however, that the record from Japan shows a significant agreement with the Western Interior d 13 C curve during the Coniacian: there is an , 0.5% shift toward lighter values following the White Fall event and then a plateau that persists through much of the upper Coniacian. The onset of the plateau is marked by a positive shift of up to 1%, which is interpreted as OAE 3 in the Western Interior. The sharp peak in the later stage of the Coniacian OAE 3 is correlated to the Kingsdown event of the English chalk record, since it marks the middle to upper Coniacian d 13 C maxima, which is followed by the rest of the Coniacian. However, since the durations of the Coniacian substages accompany large differences between the Western Interior and Europe, the Coniacian correlation remains open to future improvement by more comprehensive biostratigraphic work. Details of isotopic variation in organic-carbon records from terrestrial and marine origins are in excellent agreement for the period between the White Fall and the OAE 3 plateau.
The Coniacian-Santonian boundary is characterized by a progressive shift toward lighter values from the late Coniacian OAE 3 through C events between the Western Interior Basin (this study), Japan (Takashima et al. 2010) , and the English Chalk reference curve (Jarvis et al. 2006) . The ages of the d 13 C events are determined using the new Western Interior composite curve and assigned to the corresponding levels in the curves from Japan and England. First (FO) and last (LO) occurrence levels of planktonic foraminifera species are from Takashima et al. (2010) . Abbreviations: R. cushimani, Rotalipora cushimani; H. Helvetica, Helvetoglobotruncana helvetica; M. marianosi, Marginotruncana marianosi; M. sinuosa, Marginotruncana sinuosa.
smaller positive events (Michael Dean and Bedwell) in the lower Santonian. The Santonian and lower Campanian record in the Western Interior is not as well known as the Cenomanian to Coniacian part of the curve, mainly due to minor incomplete core recovery. Moreover, the events in the d 13 C record are not as pronounced when compared to events found in the earlier intervals of the succession. Nevertheless, it is possible to correlate tie points recognized in Jarvis et al. (2006) throughout the Santonian and Campanian, including the Michael Dean, Bedwell, Haven Brow, and Santonian-Campanian Boundary Event. Correlation of events in the middle to middle upper Santonian of Europe, such as the Horseshoe Bay and Hawks Brow, may be problematic because the endemic nature of some biozone taxa (Lamolda and Hancock 1996) introduces greater uncertainty into biostratigraphic correlation of between Europe and the Western Interior. For example, the base of the upper Santonian was defined on first occurrence of the cosmopolitan Uintacrinus socialis Grinnell (Gale et al. 1995) in European successions, but the Western Interior appearance of this crinoid has been described as time-transgressive (Leahy and Lerbekmo 1995) .
Despite many challenges, the data shown in Figure 4 illustrate that Late Cretaceous carbon isotope curves from the Western Interior, Europe, and Asia (Japan) are in good agreement for the smaller-scale perturbations, as well as the well-known major events (i.e., OAE 2) of the global carbon isotopic record. It is remarkable that d 13 C data from different original materials-marine carbonate, marine organic matter, and woody material-carry consistent temporal variations during the middle Cenomanian to early Campanian, proving that carbon reservoirs in the land-ocean-atmosphere system were linked with residence times generally well below the resolution of sampling and biostratigraphic uncertainty. In addition, it is noteworthy that local factors such as basin restriction and terrestrial input do not prevent marine organic matter in the Western Interior Basin from preserving a record of variations in the global carbon cycle during the Late Cretaceous.
Correlation in the Western Interior and North America
The majority of the d 13 C studies of the Late Cretaceous successions in the Western Interior has focused on the OAE 2 interval and thus are temporally limited to the Cenomanian-Turonian boundary (Pratt 1985; Pratt et al. 1993; Bowman and Bralower 2005; Sageman et al. 2006) . Strata overlying the Cenomanian-Turonian interval lack d 13 C studies except for the curve generated from the Berthoud State #3 core that is Coniacian to lower Campanian in age (Pratt et al. 1993) , and uppermost Turonian to Campanian Austin Chalk records from Texas (Gale et al. 2008a; Gale et al. 2007 ). However, these records are limited by either a lack of biostratigraphic information or insufficient resolution and continuity. By using the new d 13 C composite curve as a combined chemostratigraphic and biostratigraphic correlation tool, the major and minor carbon isotope excursion events recognized in the English Chalk (Jarvis et al. 2006) can be recognized in the d 13 C records from North America, including sections in Kansas, the New Jersey margin (ODP Leg 174 AX), Colorado, and Texas (Fig. 5) . Whereas the OAE 2 preexcursion d 13 C org value (227.5% in the composite curve; 225% in Bass River, New Jersey; 227% in Cuba, Kansas) and the magnitude of the positive shift (6% in the composite curve, 2.5% in Bass River, New Jersey margin; 4% in Cuba, Kansas) varies, the three OAE 2 records consistently exhibit the initial increase and the short drop followed by the plateau (Fig. 5) . The final decrease to a near pre-OAE 2 value, however, does not occur in the Bass River record, where a 0.5% decrease at the top of Rhagodiscus asper Zone is succeeded by a positive swing to the heaviest d 13 C value throughout the analyzed interval. The assignment of OAE 2 in the Bass River d 13 C curve, along with refined calcareous microfossil biostratigraphy of the core (Eleson and Bralower 2005) , allows the original interpretation of Bowman and Bralower (2005) to be revised. With updated biostratigraphy, the onset of OAE 2 is placed in the middle of the Axopodorhabdus albianus Zone instead of at the base of R. asper Zone, as originally suggested by Bowman and Bralower (2005) , and the event spans the entire R. asper Zone. This assignment of OAE 2 is consistent with the integrated study of astrochronology and biostratigraphic and chemostratigraphic data of the Cenomanian-Turonian OAE 2 interval by Sageman et al. (2006) . The large positive d 13 C shift in the Eprolithus floralis Zone of the Bass River section can be tentatively correlated to the Holywell Event (Fig. 5) .
A composite d 13 C carb curve which spans the uppermost Turonian through lower Santonian was generated from the Austin Chalk successions exposed near Dallas, Texas, and the uppermost Turonian through lower Campanian isotopic events of the English Chalk record (Jarvis et al. 2006) were assigned by Gale et al. (2007) . Following Gale et al.'s (2007) original work, the Navigation, White Fall, Kingsdown, Michael Dean, Bedwell, and Santonian-Campanian boundary events are correlated between our new composite curve and the Austin Chalk curve (Fig. 5) . In addition to the isotope events named in Jarvis et al. (2006) , the two smaller variations in the S. preventricosus Zone of the composite curve predating the potential White Fall event are recognized and correlated between the new composite curve and the Austin Chalk record. A positive d 13 C excursion representing OAE 3 is difficult to identify in the Austin Chalk successions, although the period from the White Fall through the lower Santonian that displays elevated d
13 C values can be interpreted as resulting from enhanced organic-carbon burial. This interpretation suggests that the OAE 3 record in Texas is much expanded compared to the Denver Basin. The positive excursion of the Santonian-Campanian Boundary is more pronounced in Texas (1%) compared to our d 13 C org composite curve (0.5%). It is notable that variation in the d 13 C carb curve of the Austin Chalk is larger compared to the other records from the Western Interior (Fig. 5) , and the magnitude of d 13 C events, such as the Navigation and Santonian-Campanian boundary events, are increased. This may have resulted from either the primary signals of the local carbon reservoir in a shallow depositional environment (, 100 m) or diagenetic alteration of the coarser calciticdebris-rich limestone.
The assignment and correlation of d 13 C events in the Berthoud State #3 core record can be rather speculative due to lack of biostratigraphy in the core. Pratt et al. (1993) assigned stage boundaries based on lithostratigraphic correlation and concluded that the core straddles the uppermost Turonian through the lower Campanian (Fig. 5) . Although substage boundaries are not defined in the core, the positive excursion (0.7%) representing the Coniacian OAE 3, which was identified by Locklair et al. (2011) , is a key horizon and can be correlated to the d 13 C org composite curve (Fig. 5) . With regard to the variations in d 13 C and their position within the stages, the Navigation, White Fall, Michael Dean, Bedwell, Horseshoe Bay, Hawks Brow, and SantoniaCampanian boundary events are assigned to the Berthoud core record. The d 13 C trend in the upper Turonian through the middle Santonian interval of the Berthoud record is similar to the new composite curve, where the upper Coniacian, marked by a long-term positive excursion representing OAE 3, is followed by lighter d
13 C values, which prevailed during the lower to middle Santonian; smaller-scale Santonian events are superimposed on this trend. The upper Santonian of the Berthoud record, however, displays another 0.5% positive d 13 C carb excursion, which may be interpretable as a result of organic-carbon burial during the Santonian (Locklair et al. 2011 ). This upper Santonian positive excursion displays characteristics similar to those of the English Chalk curve, where the longer-term positive event up to a 0.5% excursion spans the upper Marsupites through the Offaster pilula zones, with the peak of the excursion identified as the Santonian-Campanian Boundary Event (Fig. 4) . Consistently, the peak of the late Santonian positive excursion of the Berthoud core is correlated as the SantonianCampanian Boundary Event, as shown in Figure 5 . The good agreement of the Berthoud core record and our new curve is not surprising, considering the Berthoud core was drilled in the vicinity of the AA core site.
Successful assignment of the known carbon isotope excursions to the d 13 C records from the successions in the Western Interior Basin verifies our conclusion that this shallow epeiric basin recorded contemporaneous changes of the global ocean carbon reservoir. It further demonstrates that our new d 13 C record contributes to a comprehensive chemostratigraphic correlation framework for the Western Interior and North America.
CONCLUSIONS
Based on data generated from three core sections in the Western Interior Basin of North America, a new, high-resolution composite carbon isotope stratigraphy spanning the early Cenomanian through the early Campanian is established. This chemostratigraphic record, linked closely with a revised time scale developed from many of the same sections (Meyers et al. 2012; Sageman et al. in press) , establishes a comprehensive correlation framework for Late Cretaceous deposits in North America. The new carbon isotope profile includes smaller-scale (, 2%) carbon isotope events, as well as the well-known major (Bowman and Bralower 2005) and the uppermost Turonian to the lower Campanian interval retrieved from Berthoud State #3 (BS) core (Pratt et al. 1993 ) and sections in Dallas, Texas (Gale et al. 2007) . Abbreviations: E. t., Eiffellithus turriseiffelii; A. a., Axopodorhabdus albianus; R. a. (R. asper) Rhagodiscus asper; E. floralis, Eprolithus floralis.
perturbations (e.g., OAE 2 and MCE) that are recognized in the English Chalk reference curve (Jarvis et al. 2006) , as well as other Late Cretaceous carbon isotope records (i.e., the d 13 C org curve produced from terrestrial organic matter in Japan by Takashima et al. 2010) . The similarities in these records indicate that the Western Interior was not an isolated basin with respect to the global carbon cycle. It preserves a clear record of global signals, as well as some characteristics that reflect local or regional processes. The well-established molluscan biostragraphic zonation of the Western Interior provides an opportunity to verify chemostratigraphic correlation with the English Chalk record. Furthermore, because the new carbon isotope curve is closely linked to the revised Cretaceous time scale, it will facilitate not only export of age data to other localities where similar d 13 C data have been generated, but also contribute to the rigor of hypothesis testing for observed biogeochemical perturbations. Correlation with the records generated in other localities of the Western Interior indicates that d 13 C of both organic and carbonate fractions in the basin retains the characteristics of the primary signals in the global carbon cycle, albeit with either diagenetic imprinting or some influence of local carbon-cycle processes.
